Upon encounter with their cognate antigen, naive CD4 T cells become activated and are induced to differentiate into several possible T helper (Th) cell subsets. This differentiation depends on a number of factors including antigen-presenting cells, cytokines and co-stimulatory molecules. The strength of the T-cell receptor (TCR) signal, related to the affinity of TCR for antigen and antigen dose, has emerged as a dominant factor in determining Th cell fate. Recent studies have revealed that TCR signals of high or low strength do not simply induce quantitatively different signals in the T cells, but rather qualitatively distinct pathways can be induced based on TCR signal strength. This review examines the recent literature in this area and highlights important new developments in our understanding of Th cell differentiation and TCR signal strength.
Introduction
Upon encounter with their cognate antigen, naive CD4 + T cells become activated, proliferate and are induced to differentiate into specific T helper (Th) cell subsets, and there are at least six major subsets identified to date. These include Th1, Th2, Th17, Th9, T follicular helper (Tfh) and regulatory T (Treg) cells. 1 These Th cell subsets are distinguished by the cytokines that they produce, the expression of specific transcription factors (TF) and distinct migration patterns. For example, Th1 cells produce interferon-c, express T-bet and are important in the defence against intracellular bacteria and viruses; Th2 cells produce interleukin-5 (IL-5), IL-4 and IL-13, express GATA-3 and are important in worm infections and contribute to allergic immunopathology. [2] [3] [4] The differentiation of Th subsets is determined by multiple factors 5 including cytokines produced by innate immune cells, antigen dose [6] [7] [8] [9] [10] and specific co-stimulatory molecules. 11, 12 Early studies revealed the importance of T-cell receptor (TCR) signal strength 6, 7 in Th differentiation and subsequent studies have provided more insight into the mechanisms by which TCR signal strength influences Th cell differentiation. These have included the identification of specific signalling pathways downstream of the TCR 13 leading to the induction of unique genetic programmes. 14 In this review, we will examine the recent advances in this area and discuss how this knowledge may lead to the development of novel therapies aimed at inducing specific Th cell responses.
TCR signalling pathways and Th cell differentiation
Shortly after the first discovery of Th1 and Th2 cells it was observed that peptide affinity and dose played an important role in determining the differentiation of naive CD4 T cells. 6, 7 Initial studies aimed to identify the mechanisms by which altered peptide ligands could induce changes in signalling pathways responsible for Th1 versus Th2 differentiation. Two early studies identified early signalling components downstream of the TCR as having a role in determining Th1 or Th2 differentiation. 15, 16 Both of these studies showed that Th1 differentiation required strong TCR signals, as shown by a robust calcium flux whereas cells induced to differentiate into Th2 cells, with altered peptide ligands, exhibited weaker early signals and less calcium response. 15, 16 Interestingly, even though the calcium signal was weak it was necessary for robust Th2 differentiation as treatment of cells with cyclosporine abrogated the Th2 response. 15 Hence, it appeared that weaker TCR signals favoured Th2 differentiation whereas strong signals were needed for Th1 differentiation. 13 This finding has been supported by additional studies showing that signalling down the extracellular signal-regulated kinase (ERK) pathway was important for Th1 differentiation. 17 Furthermore, it was shown that stimulation of T cells with low antigen doses allows the rapid up-regulation of GATA-3, which is dependent on IL-2 signalling. 18 Stimulation of cells with higher dose antigen induces a high level of ERK activation, which reduces the
ability of cells to respond to IL-2 and so GATA-3 is not induced. 18 Furthermore, inhibition of the ERK pathway during high-dose stimulation restored the ability of cells to respond to IL-2 and GATA-3 and IL-4 expression was restored. Inhibition of the ERK pathway in T cells stimulated with low-dose antigen prevented the early induction of GATA-3 and IL-4 and this was reversed by the addition of exogenous IL-2. 18 These results suggest that Th2 differentiation requires that activation of the ERK pathway downstream of the TCR be transient and weak to allow for the early induction of GATA-3 and IL-2, which are responsible for IL-4 production. 13 In vivo studies described the role of antigen dose in determining Th1 versus Th2 differentiation. 9, 10 Van Panhuys et al. examined the relative role of skewing cytokines and antigen dose on Th cell differentiation, 10 using dendritic cells (DC) pulsed with various doses of antigen as immunogens. The DC were either treated with lipopolysaccharide or papain in order to skew Th1 and Th2 differentiation, respectively. T cells interacting with lipopolysaccharide-treated DC experienced longer contact times with DC, which translated into increased calcium fluxes and Th1 differentiation, whereas T cells had shorter interaction times and reduced calcium with peptidepulsed papain-treated DC. 10 The dose of antigen was found to dominate over the DC pretreatment in terms of Th cell differentiation. Hence, papain-treated DC loaded with high-dose antigen induced Th1 cells whereas lipopolysaccharide-treated DC loaded with low-dose antigen induced Th2 cells. The interactions leading to Th1 cells were associated with increased interaction times and more robust calcium fluxes. 10 The studies further showed that high-dose stimulation was influenced by the level of CD80 expression on DC and this led to increased expression of the IL-12 receptor b 2 chain, necessary for Th1 development. 10 Similar results were obtained by Tubo et al., 9 when they examined the differentiation requirements of Th1 and Tfh cells. In these studies, mice were immunized with Listeria monocytogenes bacteria engineered to express specific peptide antigens and the fate of individual naive T cells was examined. They observed that, under identical immunization conditions, individual T cells could give rise to Th1, Tfh or germinal centre Tfh cells. 9 This differentiation was influenced by antigen dose and was associated with changes in TCR dwell time. In the systems examined here, Th1 cells were induced by low and intermediate antigen dose and fewer Th1 cells were observed at the highest immunization doses. In contrast, Tfh and germinal centre Tfh numbers increased as the immunization dose was increased. 9 Although these studies did not examine signalling in the differentiating T cells, they were able to show, using well-defined systems, that Th differentiation was influenced by peptide(p): MHC density and TCR-p:MHC dwell time. 9, 19 A recent study analysed the fate of single T cells following in vivo immunization and, using a computational model, showed that individual T cells make lineage decisions based on the quality of the TCR signal. 20 T-cell receptor signal strength has also been shown to play an important role in Th17 versus Treg cell differentiation. 13 Th17 cells are important in the control of extracellular and fungal pathogens and also contribute to immunopathology in certain autoimmune diseases. Th17 cells secrete the inflammatory cytokines IL-17 and IL-22, and their differentiation requires the presence of transforming growth factor (TGF)-b, IL-6, IL-21 and IL-23, 13,21-23 whereas IL-2 inhibits Th17 differentiation. 24 Treg cell differentiation in the periphery requires the presence of TGF-b, retinoic acid and IL-2, [25] [26] [27] and involves the induction of the TF Foxp3. Low TCR signal strength favours Treg cells, even in the presence of Th17-inducing factors, whereas Th17 differentiation requires high TCR signals. [28] [29] [30] [31] [32] [33] Several studies have examined signalling molecules that play a role in determining Treg versus Th17 differentiation. The Tec family kinase, Itk, has been shown to play an important role in Th2, Treg and Th17 differentiation. [34] [35] [36] Itk is activated following TCR engagement and directly phosphorylates phospholipase C-c, which leads to induction of calcium flux and activation of mitogen-activated protein kinase and protein kinase C. 37 T cells lacking Itk exhibit altered activation and differentiation patterns. Early studies demonstrated that Itk was necessary for Th2 differentiation in T cells stimulated with low-dose antigen, 36 and this was associated with increased expression of Tbet and Th1 differentiation under these conditions. Reduced Th17 differentiation was observed in CD4 T cells lacking Itk, 38 and further studies showed that, in the presence of Th17-driving conditions, Itk -/-T cells increased expression of Foxp3. 35 In addition, Itk -/-CD4 T cells gave rise to increased numbers of Treg cells when cultured in inducible Treg conditions. 35 This was associated with decreases in activation of the Akt/mammalian target of rapamycin (mTOR) pathway and increased responsiveness to IL-2. 35 The decrease in Akt/ mTOR activation was correlated with increased expression of the lipid phosphatase, phosphatase and tensin homologue (PTEN), that is known to inhibit phosphoinositide 3-kinase activity. 35 Given that mice with a genetic defect in Itk expression also exhibit developmental defects, a recent study 34 examined the role of Itk in Th cell subset differentiation using a specific inhibitor that blocks the kinase function of Itk and Rlk. 39 Treatment of CD4 T cells with this inhibitor reduced the differentiation of Th1, Th2 and Th17 cells, with a more potent effect on Th1 differentiation. 34 Reduced numbers of Treg cells were also observed in vivo and in vitro following treatment with the inhibitor, and this was associated with reduced IL-2 production. 34 The difference between these two studies 34, 35 could be explained by the fact that Rlk was also blocked by the inhibitor and also that some kinaseindependent function of Itk may also be important in Th cell differentiation. The serine/threonine kinase casein kinase (CK)2 has also been implicated in Th cell subset differentiation. [40] [41] [42] CK2 is ubiquitously expressed and phosphorylates over 500 substrates, and has been shown to promote the activity of the Akt/mTOR, nuclear factor-jB and Janus kinase-signal transducer and activator of transcription (STAT) pathways in immune cells. 43 One important CK2 target is PTEN, 44 an important negative regulator of the Akt/mTOR pathway. Treatment of CD4 T cells with inhibitors of CK2 leads to a decrease in Th17 production and increased Treg cell induction. 40, 42 This inhibition was associated with decreased STAT3 activation, 40, 42 which resulted in reduced IL-23 receptor expression, 42 necessary for optimal Th17 differentiation and maintenance. 22 In addition, in vivo treatment of mice with CK2 inhibitor reduced the incidence and severity of experimental autoimmune encephalomyelitis (EAE). 40, 42 Genetic ablation of CK2 in Treg cells also resulted in exacerbation of Th2-mediated lymphoproliferative condition in the lungs. 41 This was due to an increase in the number of immunoglobulin-like transcript 3 (ILT3)-positive Treg cells, 41 which promote programmed cell death 1 ligand 2-positive/interferon regulatory factor 4 (IRF4) -positive DC, 41 important for Th2 differentiation. 45, 46 These studies suggested that CK2 in Treg cells functions to regulate ILT3 expression, which is important for the control of Th2 responses. A recent study, showed that engagement of programmed cell death 1 on CD4 T cells led to inhibition of CK2 activity, resulting in increased PTEN stability and reduced Akt/mTOR activity. 47 These studies therefore identify CK2 as an important regulator of Th cell differentiation, and also highlight additional roles for this kinase in the function of Treg cells. There is much more to be learned about the role of this ubiquitous and highly active kinase in the control of immune responses.
Several other signalling molecules have been implicated in Th cell subset differentiation, including Nck, 48 MALT1, 49 Pak2, 50 Notch 13 and other early components of the TCR signalling pathway. 13 Another study identified a role for T-cell activation RhoGTPase-activating protein (TAGAP) in Th17 differentiation. 51 TAGAP inhibits the binding of Zap70 to the adapter RhoH, thereby reducing the strength of the TCR signal. 51 Reduced Th17 differentiation was observed in TAGAP -/-T cells and this was associated with a milder experimental autoimmune encephalomyelitis (EAE) phenotype. 51 These studies did not address differentiation of other Th cell subsets, or examine IL-2 production, so it is not clear how this study fits into the body of work suggesting that high TCR signals are required for Th17 differentiation. It is possible that the absence of TAGAP influences IL-2 production, such that high TCR signals fail to inhibit IL-2 production. Nck-deficient T cells showed defects in the differentiation of Tfh cells 48 50 Overall, these studies point to the effect of various signalling molecules on modulating the strength of the TCR signal. The question remains as to which component of the TCR signalling machinery is the most critical in the determination of Tcell fate. As discussed in more detail below the Akt/ mTOR pathway appears to play a pivotal role in these cell fate decisions.
Pathogens have also evolved ways to influence Th differentiation by altering TCR signal strength. This can occur by direct or indirect mechanisms. It is well known that the Schistosoma mansoni egg antigen drives Th2 responses in mouse and human. 52 Several studies identified the glycoprotein omega-1 as one S. mansoni egg antigen component responsible for Th2 differentiation. 53, 54 It was shown that omega-1 acts on DCs to reduce co-stimulatory molecule expression and IL-12 production. 53 In addition, it was shown that DC treated with omega-1 had a changed morphology, which resulted in less efficient conjugate formation with T cells. 54 It is speculated that this would reduce TCR signal strength, thereby favouring Th2 differentiation. 54 An interesting recent paper 55 demonstrates how pathogens may directly influence Th cell differentiation by influencing TCR signal strength. This study examined infection with the enteropathogen Yersinia pseudotuberculosis and showed enhanced Th17 and reduced Treg differentiation in the lymph nodes draining the gut. 55 This was caused by translocation of the Y. pseudotuberculosis Yop proteins into T cells using a type III secretion system, 56 which resulted in reduced calcium and ERK signalling. 55 There were also significant changes in the DC populations following Y. pseudotuberculosis infection, including a marked reduction in the tolerogenic CD103 + DC. The studies also demonstrated a direct effect on in vitro Th17 and Treg but not Th1 differentiation following exposure of CD4 T cells with Y. pseudotuberculosis, suggesting that this pathogen creates an immune environment that is favourable to its survival and dissemination. 55 Although this study focused on T cells, it was recently shown that Y. pseudotuberculosis is responsible for changing the transcriptional profile of many immune cells through the Yop proteins and type III secretion system. 57 A previous study examined the role of TCR strength in determining T effector (Teff) cell function following influenza infection. 58 In this study, immunization with high-affinity peptides led to robust Th1 differentiation, but these cells accumulated and proliferated poorly upon challenge with an influenza virus expressing the epitope. In contrast, immunization with lower-affinity epitopes led to increased Th17 responses and the cells expanded rapidly upon influenza challenge. This appeared to be, in part, related to the development of a terminally differentiated phenotype in cells primed with high-affinity peptides. 58 Hence, TCR signal strength not only influences Th cell differentiation but also plays a role in the generation of effective memory cells.
The Akt/mTOR pathway and Th cell differentiation
As discussed above many studies looking at the role of TCR signal strength in Th cell differentiation have suggested a critical role for the Akt/mTOR pathway. Akt is a serine threonine kinase that is activated downstream of the TCR by phosphorylation on two critical sites: Threonine (T) 308 by phosphoinositide-dependent kinase 1 (PDK1) and Serine (S) 473 by mTORC2. Full Akt activation leads to the phosphorylation of multiple targets that influence Th cell function, survival and differentiation. Important targets include the nuclear factor-jB pathway through activation of the Carma1/Bcl10/Malt1 complex; 59 transcription factors such as Foxo1; and pathways important for cell growth and survival such as mTOR, GSK-3 and CREB. 60 We, and others, have shown that strong activation of the Akt/mTOR pathway, secondary to high TCR signal strength, is negatively correlated with Treg cell differentiation. 33, 61, 62 Treg cells induced by low-dose antigen are able to potently suppress immune responses in vitro 33 and in vivo. 28, 63 Furthermore, Treg cells exhibit a reduced capacity to activate Akt and only the T308 site is phosphorylated in activated Treg cells, 64 and restoration of S473 phosphorylation leads to a loss of suppressive activity of Treg cells. 64 Recently, similar results were obtained in human T cells 65 in which the Akt/mTOR pathway was shown to be important for the generation of Th1-like Treg cells. Activation of Akt is regulated by the lipid phosphatase PTEN, which acts to inhibit the action of phosphoinositide 3-kinase by converting the active phospholipid PIP 3 to the inactive PIP 2 . PIP 3 is required to activate PDK1. 66 We developed a mathematical model to better understand the mechanism by which the Akt/ mTOR pathway might regulate Treg cell differentiation, 67 and this model made the prediction that PTEN was differentially regulated following activation with high or low TCR signal strength. The model predicted that when T cells were destined to become Teff cells PTEN levels would be reduced and would stay down, whereas Treg cells would only show transient down-regulation of PTEN. We were able to validate this prediction and went on to show that PTEN levels are tightly controlled in T cells. 68 Interestingly, we observed that the TF Foxo1 was involved in the transcription of PTEN, 68 through binding to an upstream regulatory site. Activation of T cells with high-dose antigen led to full Akt activation and the phosphorylation of Foxo1. 68 This had the consequence of causing Foxo1 to leave the nucleus and so PTEN RNA levels were drastically reduced (Fig. 1) . This, coupled with other mechanisms of protein degradation, led to the rapid and lasting loss of PTEN protein in developing Teff cells. 68 Other studies have shown the importance of PTEN not only in the generation of Treg cells but also in their maintenance. 69, 70 These two studies created mice with PTEN deletions restricted to Foxp3 + Treg cells and in both cases the mice developed lymphoproliferative diseases that were associated with poorly functioning Treg cells. In addition, increased activation of Akt and mTOR were observed in Treg cells lacking PTEN. 69, 70 Several studies have taken genetic approaches to altering the signalling of the Akt/mTOR pathway and these include deletion of the tuberous sclerosis, TSC1, gene 71 and the various components of the mTORC1 and mTORC2 complexes. 72, 73 T cells lacking mTOR, which lack both mTORC1 and mTORC2 complexes, were unable to differentiate into Th1, Th17 or Th2 cells, 72 but these cells exhibited enhanced Treg cell differentiation. 72 To determine which complex was responsible for these results mice lacking either mTORC1 or mTORC2 in their CD4 T cells were analysed. 73 T cells lacking Rheb, which have defects in mTORC1 activation, were inhibited in Th1 and Th17 differentiation. 73 CD4 T cells lacking Rictor, the unique component of the mTORC2 complex, failed to undergo Th2 differentiation, whereas Th1 and Th17 differentiation was normal in these mice. 73 Interestingly, inhibition of both mTORC1 and mTORC2 was required to induce an increase in Treg cell development, 73 suggesting redundancy in these two complexes. TSC1 inhibits mTORC1 activity and deletion of TSC1 leads to constitutive activation of mTORC1. Mice lacking TSC1 in CD4 T cells were found to have increased Th1 and Th17 development 71 and the mice developed intestinal inflammation. In addition, Treg from TSC1-deficient mice were unable to suppress intestinal inflammation in an adoptive transfer model. 71 When the TSC1 deficiency was restricted to Foxp3 + Treg cells the TSC1-deficient Treg cells produced IL-17, lost Foxp3 expression, and become effector-like in their function. 71 Another study examined differentiation of Tfh and Th1 cells and found that increased signalling via Akt/mTOR, in part mediated by IL-2, was necessary for Th1 differentiation, 74 whereas Tfh cells required low signals via Akt/mTOR. Genetic analyses are useful tools in identifying the important players in a pathway but it is not always possible to identify the mechanisms underlying the precise differentiation pathway. This is because the complete lack of a particular component, such as Rictor, does not provide insight into more subtle variations in function that may occur when T cells are activated in different scenarios. Complexes such as a mTORC2 and mTORC1 have multiple functions in the cell and it is necessary to investigate how each function may impact Th cell differentiation. Our studies of Treg cell differentiation in response to low TCR signal strength indicated that Treg cell induction was negatively correlated with mTORC1 activation. 33 Akt plays a pivotal role in the activation of the mTORC1 complex and full Akt activation requires an active mTORC2 complex. Activation of Akt is controlled by TCR signal strength, which results in changes in the phosphorylation state of Akt. We observed that, in T cells stimulated with low TCR signals, only the T308 site on Akt was phosphorylated and that high TCR signals were required for phosphorylation of both T308 and S473. 75 In fact, there was a sharp dose-response curve for S473 phosphorylation that was almost switch-like in behaviour. 75 Phosphorylation of the T308 site is mediated by PDK1 whereas mTORC2 phosphorylates S473. We also showed that mTORC2 was only active when cells were stimulated by high-dose antigen, as demonstrated by reduced phosphorylation of a negative regulatory site on Rictor, the unique mTORC2 component. 75 The mechanisms for mTORC2 activation in T cells are not well understood, although in cell lines it has been shown that PIP 3 plays a role in mTORC2 activation. 76 We speculate, therefore, that under high-dose conditions when PTEN levels are reduced, sufficient PIP 3 is generated to induce both PDK1 and mTORC2 activation (Fig. 1a) , whereas under low-dose conditions only PDK1 is activated (Fig. 1b) .
As Akt is a kinase whose activity is controlled by phosphorylation, we asked whether different substrates were phosphorylated by Akt under these two conditions. We took advantage of an antibody that recognizes phosphorylated Akt substrates and, using mass spectrometry analysis of immunoprecipitated substrates, we found that very different sets of substrates were phosphorylated by Akt under conditions of low or high TCR strength. 75 The identified Akt targets function in regulating the cytoskeleton, metabolism, nuclear import, RNA processing and transcription (Fig. 1) . One area of particular interest to us was the observed differences in RNA processing. Alternative splicing has been described following T-cell activation 77, 78 and several molecules involved in alternative splicing were differentially phosphorylated in cells stimulated with low or high doses. We went on to show that two of the RNA processing factors, hnRNP L and hnRNP A1, played an important role in Treg cell differentiation. 75 Further studies are aimed at determining how phosphorylation by Akt alters the function of these RNA processing factors. These studies suggest that different levels of TCR stimulation initiate qualitatively distinct differentiation programmes and that differential regulation of alternative splicing by Akt is one of the key elements determining Th cell fate decisions.
The Akt/mTOR pathway plays an important role in controlling metabolism in cells and recent work has highlighted the importance of metabolic changes in T-cell function and differentiation. 79, 80 In particular, mTOR induces glycolysis and inhibits oxidative phosphorylation, and when T cells are activated they switch their metabolic profile from oxidative phosphorylation to aerobic glycolysis. In addition, different Th cell subsets have been shown to use different metabolic pathways and sources of fuel, 79, 80 such as Treg cells, which use fatty acid oxidation. 81, 82 Although mTOR complexes are activated through the TCR, they are important amino sensors and the presence of amino acids, such as glutamine, plays an important role in T-cell activation and function. 83 A recent study found that the glutamine transporter, ASCT2, was essential for the development of Th1 and Th17 from naive T cells but was dispensable for the generation of Treg cells.
84 ASCT2-deficient T cells showed a defect in glutamine uptake, mTORC1 activation, and this also involved the Carma1/Bcl10/Malt1 complex. 84 Examination of Th1 and Tfh cell differentiation 74 revealed that Tfh cells have a reduced ability to undergo aerobic glycolysis due to reduced mTOR activity. Th1 differentiation required strong activation of the mTOR pathway, partly due to signalling via CD25 and IL-2, for the induction of Tbet and Blimp-1. 74 Tfh cells were also shown to preferentially use fatty acid oxidation, similar to Treg cells. These metabolic profiles are necessary to maintain Th cell function, as shown in a recent study of Treg activation. 85 Treg cells express several Toll-like receptors (TLR) and this study examined the role of TLR signals in modulating Treg cell metabolism, proliferation and suppressive function. 85 The addition of TLR1 and TLR2 ligands to activated Treg cells resulted in increases in glycolysis, proliferation and Glut1 expression that were associated with increased mTOR activity but reduced suppressive function. 85 These studies suggest that metabolism in Treg cells is highly dynamic and that, depending on the environment, Treg cells can alter their metabolic profile to favour proliferation or suppression. 85 Similar results have been observed in human Treg cells. 86 Hence, the Akt/mTOR pathway plays a critical role in driving Th cell differentiation and this leads to changes in multiple cell functions including alternative splicing, metabolic reprogramming and cytoskeletal changes, and it is likely that many more functions will be identified in the future.
Genetic programmes regulated by TCR signal strength
All of these signalling pathways culminate in the induction of specific genetic programmes characterized by defined TF and specific epigenetic features.
14 Individual Th subsets require specific TF to drive their differentiation and maintenance and these have been well-described. 13, 14 The TF IRF4 plays a critical role in the activation and differentiation of B and T cells and appears to act as a sensor for the strength of the antigen receptor signal. IRF4 is induced rapidly following immune cell activation and the level of expression correlates with the strength of the activating signal. 87, 88 In addition, IRF4 influences the differentiation of multiple Th cell subsets, including Th2, Th17 and Tfh cells. 89 Two recent studies have examined the role of IRF4 in Th cell differentiation with a particular focus on the role of TCR signal strength and IRF4 function. 90, 91 Iwata et al. 90 examined the role of IRF4 and basic leucine zipper transcription factor, ATF-like (BATF) in Th2 differentiation, to address previous controversy in the literature concerning the role of different BATF isoforms in Th2 cell differentiation. IRF4 forms heterodimers with BATF and Jun and both BATF1 and BATF3 can associate with IRF4. This study demonstrated that increasing TCR signal strength resulted in increased expression of both IRF4 and BATF in a coordinated manner. This graded increase resulted in the activation of a hierarchy of genes, with some being sensitive to lower levels of IRF4 and BATF, whereas others required higher expression levels. 90 This hierarchy was also observed at the level of binding sites for IRF4, as determined by ChIP-Seq. Krishnamoorthy et al. 91 examined the role of IRF4 in the decision between Tfh and Teff cells that is associated with the induction of the TF Bcl6 and Blimp-1, respectively. Increasing the strength of the TCR resulted in increased IRF4 levels and enhanced Blimp-1 + Teff cell induction. Further, increasing the levels of IRF4 in cells stimulated with a fixed TCR signal resulted in an increase in Teff cell differentiation. 91 Interestingly, the action of IRF4 was correlated with its ability to bind to sequences of different affinities. 91 IRF4 is downstream of mTOR activation, 92 so provides a mechanism by which signalling via Akt/mTOR leads to changes in the genetic programming of T cells.
Other TF downstream of mTOR that play important roles in Th cell differentiation include cMyc 93 and Foxo1. 68, 94 Myc is important in the metabolic reprogramming of T cells following activation. 95 Foxo1 is important in the transcription of Foxp3 and PTEN 68 and activation of Akt by high TCR signal strength leads to Foxo1 phosphorylation and exit from the nucleus. 68 Foxo1 is also a negative regulator of Th17 differentiation by actively binding to RORct and inhibiting its activity. 94 Recently, the RNA-binding protein roquin-1 has been shown to inhibit Th17 differentiation 96, 97 by repressing RNAs that drive Th17 differentiation such as IL-6, ICOS, IRF4 and others. Activation of roquin-1 requires cleavage by Malt1, downstream of TCR signalling, suggesting that this activity is also controlled by TCR signal strength. 97 
Conclusions
T helper cell activation and differentiation have been topics of fascination for many years and multiple studies have examined the factors required for the generation of the various flavours of Th cell subsets. Early on, it was appreciated that antigen dose, and hence TCR signal strength, played a critical role in determining Th cell fate. Over the years, we have developed a better understanding of how TCR signal strength is translated into divergent cell fates. As this review highlights, there appears to be a coordinated pattern of signalling and genetic programmes initiated following T-cell activation and individual pathways are dictated by TCR signal strength. The Akt/mTOR pathway plays a pivotal role in regulating Th cell differentiation through its influence on metabolism, alternative splicing and specific TF programmes. The ability to harness these pathways and generate specific Th cell subsets will be of great therapeutic benefit in the context of autoimmunity and cancer immunotherapy.
